This paper proposes a novel design for a surface plasmon resonance (SPR) fiber sensor with an axisymmetric sub-wavelength metal grating layer. The relationship between the sensor performance (the sensitivity S and the quality factor Q of the SPR dip) and the characteristic parameters are investigated. Numerical simulation results show that the proposed sensor can achieve a maximum sensitivity of 13000nm/RIU (refractive index unit) for a refractive index range from 1.3 to 1.4.
Introduction
Over the last two decades, surface plasmon resonance (SPR), which refers to the excitation of surface plasmon polaritons (SPPs) at the interface between a dielectric (i.e. gas, solid or liquid) and a metal (e.g. gold or silver), has become a useful and reliable technique for chemical and biochemical sensing applications [1] [2] [3] . Traditional SPR sensors are based on the so-called Kretschmann configuration, where a thin metal film is deposited on the base of a coupling prism [4] . For such prism-based SPR sensors, Homola provides a comprehensive overview of developments in the past 20 years and numerous designs for novel SPR biosensors [5] . However, a prism-based SPR configuration has a number of disadvantages, such as bulky size and complex operation and in addition real time/remote sensing is difficult to implement. In order to overcome these disadvantages, SPR-based optical fiber sensors have attracted significant interest [6] [7] [8] [9] . A fiber based sensing configuration allows for a compact sensing element and sample volume, the capacity for remote sensing and the potential for disposable miniaturized sensing devices. In the past decade, various fiber based SPR sensors have been proposed and demonstrated, including the use of either single mode fibers [10] or multimode fibers [11] .
Recently, several fiber based SPR sensors have been presented such as a multimode fiber coated with bimetallic layers (silver and gold, with gold as the outer layer), a hetero-core fiber with Au/Ta 2 O 5 /Pd multi-layers, and a multimode fiber covered with a nano-particle metal film, which were both studied theoretically based on the attenuated total reflection (ATR) method and multi-layer model [12] [13] [14] [15] . Among these studies, the effects of the parameters and characteristics of the optical fiber and metal layer on the sensor sensitivity have been investigated in detail, for example recently the relationships between the resonance wavelength and the thickness of the metal layer and sensing layer were investigated [16] .
In this paper, a novel fiber SPR-based biosensor coated with an axisymmetric sub-wavelength metal grating layer is proposed and investigated theoretically. The paper is organized as follows: In section 2, the theoretical background and detailed relative numerical model in the form of multilayer model are provided. In section 3, the dependence of the device parameters (i.e. the metal grating layer thickness, the metal grating period, the grating length and the diameter of the fiber core) on the refractive index (RI) sensitivity S and the quality factor Q of the SPR dip are evaluated numerically. The conclusions are provided in section 4.
Theoretical formalism
We initially consider the attenuated total reflection (ATR) method with a Kretschmann configuration (Fig.1) [5] as this forms the basis of the theoretical model for the fiber SPR-based sensor proposed in this paper. As shown in Fig.1 , the structure comprises a coupling prism with a high refractive index (RI), a metal layer and a sensing sample. If the resonance condition is satisfied, that is the wave-vector of the incident light matches that of the SPPs, the output spectrum demonstrates a dip located at the resonance wavelength. The resonance wavelength is highly sensitive to the RI variations of the sensing sample, i.e. the resonance wavelength ( R ) shifts by  R when the RI of the sensing sample alters by n. In this respect two parameters can be introduced to describe the sensor's performance: the sensitivity (S) and the quality factor (Q) of the resonance dip which can be written as:  where is 3dB bandwidth. To calculate the transmission of TM-polarized incident light through the structure, a multilayer model ( The relationship of the tangential fields between the first boundary Z 1 and the final boundary Z N-1 is expressed as: (2) where and represent the tangential component of the electric and magnetic field at the boundary, respectively. Here M is the characteristic matrix and is given by: (3) with (4) where (5) Finally the reflectivity for the N layer stacked structure illuminated by a TM-polarized light is given as: (6) For the fiber-based SPR sensor, the prism is replaced by the silica core of a multimode fiber (Fig. 3) . The cladding around the central region of the fiber is removed and coated with a sub-wavelength metal grating layer, which is assumed to be surrounded by the sensing sample with a RI of n s . Based on the quasi-static limits (i.e. the grating-period-to-wavelength ratio P/→0), the optical properties of a sub-wavelength grating are equivalent to a uniaxial homogeneous layer whose effective permittivity can be calculated by the effective medium theory (EMT) [17] 14 rad/s) and represent the bulk plasma frequency, the damping frequency of the free electron oscillations and the angular frequency of the incident light, respectively. Assuming the light is launched into one end of the fiber, the normalized transmitted power detected at another end of the fiber can be written as [19] : (7) where (8) In Eq. (8), is the number of ray reflections; L and D are the length of the sensing region and the fiber core diameter, respectively; is the angle of the ray normal to the core-metal interface; n co (n co = 1.457) and n cl (n cl = 1.4395) are the RI of the fiber core and cladding, respectively.
Simulation results and discussions
As shown in Fig. 3 , a three-layer configuration (fiber core/sub-wavelength metal grating layer/sensing sample layer) are considered in our analysis. When the wave-vector of the incident light (k in ) parallel to the core-metal grating interface matches that of SPPs (k SP ), a strong surface plasmon wave (SPW) is generated which results in a clear SPR dip in the corresponding transmission spectrum. The resonance condition can be expressed by the following equation [17] :
where k G is the grating vector (i.e. k G = 2m/P, m is an integer no less than zero),  co is the permittivity of the fiber core, and  s is the permittivity of the sensing sample.
The sensor's performance is evaluated based on the calculation model shown above. Fig. 4 (a) firstly depicts the normalized transmission spectra for different refractive indices of n s . In the simulation, the structural parameters are set to be L = 20 mm, D = 400 um, d = 10 nm, P = 20 nm, h = 30 nm and . From Fig.4 (a) we can see that as n s increases, the SPR dip shifts toward a longer wavelength, which shows that RI changes for the sample surrounding the metal grating film can be monitored by measuring the shift of the resonance wavelength. To discuss the choice of a metal grating layer (i.e. d = 10 nm) respect to a uniform metal layer (i.e. d =P = 20 nm), Fig. 4 (b) shows the calculated sensitivities for both two cases. It confirms that as the RI of the sample increases the central resonance wavelength of two cases increase monotonically. Comparing these two cases, it is easy to see that the fiber-based SPR sensor with the metal grating layer shows a higher sensitivity than that of sensor with the uniform metal layer, which are demonstrated in the inset of Fig. 4(b) . It shows that the proposed Fiber-based SPR sensor has an estimated sensitivity of 13000 nm/RIU in the RI range from 1.395 to 1.40 which is much higher than that of 7500 nm/RIU reported in [15] and 3892 nm/RIU in the RI range from 1.333 to 1.353 which is comparable to that of 4262 nm/RIU achieved in [2] . In order to better understand the transmission properties of the Fiber-based SPR sensor, the spectral response of the structure with various characteristic parameters is studied. According to the resonance condition of Eq. (9), it can be shown that the resonance wavelength of sensor is related to the grating period of P and the grating thickness of h. Fig. 5 (a) firstly depicts the normalized transmission spectra at different values of P. In this simulation, the structural parameters are L = 20 mm, D = 400 um, h = 30 nm, n s = 1.36, d = 10 nm and . From Fig. 5 (a) one can see that the spectral response is dependent on the metal grating period. The central resonance wavelength of the dip increases as P increases. This is physical reasonable due to a reduced grating vector (k G ) based on Eq. (9). Fig. 5 (b) gives the corresponding variation in the sensitivity S as well as Q with P. It can be seen that S increases while Q decreases as the value of P increases. and n s = 1.36. It can also be seen that the effect of the metal grating thickness on the spectral response is clear. The central resonance wavelength as well as the transmission value of the dip decreases as h decreases. This could possibly be due to the variation in the mode coupling between the surface plasmon mode and the evanescent field produced by the guided rays in fiber core. The evanescent field excites SPPs at the metal-dielectric sensing layer interface. As the metal grating layer thickness becomes thinner, evanescent fields located in the vicinity of the metal layer become stronger, as a result the coupling of evanescent field with SPPs also strengthens, hence the SPR wavelength dip shifts downwards. Fig. 6 (b) shows the corresponding variation of the sensitivity S as well as Q vs. h. It can be seen that the values of both S and Q increase as h increases. Finally Figure 7 depicts the corresponding variations in the sensitivity S as well as Q for different values of the grating length L and the fiber core diameter D. For the results shown in Fig. 7 (a) , the structural parameters are h = 30 nm, D = 400 um, d = 10 nm, P = 20 nm, and n s = 1.36, while the structural parameters for the simulation in Fig. 7 and n s = 1.36. From Fig. 7 , it can be seen that the value of both S and Q decrease as L increases, while S and Q values increase as D increases. Based on the results shown above, we find that the quality factor Q of the SPR dip is strongly affected by the characteristic structural parameters, i.e. the fiber core diameter D, the grating length L, the metal grating period P and the metal grating layer thickness h. However, the influence of the structural parameters of h, D and L on the sensitivity S is not especially significant, for example for a change in h from 30 nm to 54 nm the sensitivity S changes by circa 6%, whereas the metal grating period P has a relatively larger effect with 35.8% variation in the sensitivity S as P varies from 20 nm to 50 nm as evident in Fig. 5 (b) .
Conclusions
In conclusion, a novel fiber surface plasmon resonance biosensor with a sub-wavelength metal grating layer is numerically investigated based on a multilayer model. On the basis of the above observations, the following conclusions can be drawn. The proposed sensor has an estimated sensitivity of 4624 nm/RIU in the RI range from 1.355 to 1.365, which is higher than that achieved 4262 nm/RIU (RI: 1.355-1.365) in [2] , and an estimated sensitivity of 13000 nm/RIU in the RI range from 1.395 to 1.40, which is significantly higher than that achieved 7500 nm/RIU (RI: 1.395-1.40) in [15] .The effects of the grating length, the fiber core diameter and the metal grating layer thickness on the sensitivity S are not especially significant, while the grating period has relatively larger influence on the sensitivity S. The quality factor Q of the SPR dip is strongly dependent on the grating length, the fiber core diameter, the metal grating layer thickness and the grating period.
